As device dimensions shrink to submicron levels, good design of ultrashallow junctions has become increasingly important. It is in this context that the use of carbon/oxygen as a possible diffusion-suppressing agent for phosphorus has been suggested. To study this complex phenomenon, this experimental study looks at the effects of low dose silicon, carbon, and oxygen implantation damage on the diffusion of lightly doped phosphorus layers. The effects of a silicon and carbon coimplant on the diffusion of phosphorus are studied as part of a second experiment. Finally, lightly doped drain structure is annealed in the presence of a carbon implant. Carbon is the most effective diffusion-suppressing agent among the three species. Results from the second experiment suggest that carbon strongly affects the interstitial profile, and thereby the final phosphorus profile.
Recent studies have suggested the use of a carbon implant to suppress the diffusion of phosphorus3 '2 These looked at the formation of secondary defects formed at the original amorphous/crystal (a/c) interface and concluded that the density of dislocation loops decrease both in size and density with increasing carbon dose. In addition, critical carbon doses which minimize the dopant diffusion were identified. Dislocation loop engineering by the use of a carbon coimplant for bipolar devices was reported recently, ~ as a way to improve device performance and yield.
Packan and Plummer observed substantially enhanced diffusion of low concentration boron in deep regions of silicon wafers implanted with low doses of silicon and showed its dependence on the implant dose and annealing temperature. 4 Their results showed that lower temperatures resulted in greater enhancements in profile shifts, implying that short time high temperature anneals were better for building devices which needed ultrashallow junctions.
Park and Law observed an enhanced diffusion of low concentration phosphorus in a silicon-damaged substrate. 5 This dopant profile redistribution was basically a transient short time process which occurred due to the interaction of dopant and point defects. 6 The effect was again more pronounced for lower anneal temperatures.
As the above-mentioned work indicates, extensive knowledge of transient diffusion of phosphorus due to ionimplantation damage in silicon during annealing is needed to design ultrashallow junctions in submicron devices. This transient diffusion is thought to be caused by the complex interaction of dopants, point defects, and extended defects whose concentrations are changing with both time and location during the thermal anneal cycle. 9-I~ Extensive work has already been done to investigate this phenomenon. ~'s However, the need exists to investigate innovative techniques to suppress this enhanced diffusion. It is in this con-* Electrochemical Society Student Member. * * Electrochemical Society Active Member.
text that the use of certain types of damage species (e.g., carbon) to suppress the diffusion of dopants during the short thermal anneal has been suggested. 1'2 It is believed that this reduced net diffusivity is a strong function of the damage dose.
In contrast to earlier work, this study looks at the species, dose, and temperature dependence of the diffusion of phosphorus in silicon. The damage species under investigation are silicon, carbon, and oxygen, the later two of which are of special interest as regards their usefulness in forming ultrashallow junctions. Their relative effectiveness as interstitial traps is clearly brought out here. The dose range chosen was below the amorphization threshold for silicon and was lower than the one used in Ref. 1 and 2. Time and temperature effects are considered at two different temperatures (809 and 90O~ for two different times (15 and 30 rain). Direct comparisons for silicon-implant damage are made with Packan and Plummer, ~ as both boron and phosphorus are believed to diffuse mainly by an interstitial phenomenon.
Also, results for silicon damage for the 1 x 10~4/cm 2 dose are compared with Park and Law's data? , 6 As part of a second experiment, phosphorus is made to diffuse in a silicon-damaged substrate both with and without a carbon coimplant. The dose, time, and temperature effects are investigated. A lightly doped drain (LDD) structure is then annealed in the presence of a carbon implant and the technological ramifications are studied.
Experimental
Monte Carlo simulations in SUPREM-III 7'8 initially were used to estimate the interstitial and vacancy profiles in silicon due to silicon implantation damage for three different doses (i • 1012, i • i0 ~3, and 1 • 1014/cm e) at 60 keV. These simulations indicated that the interstitials and vacancies were produced in roughly equal numbers. Using these damage proliles as markers, equivalent doses and energies were iteratively obtained for carbon and oxygen us- Figure i shows representative damage profiles for the three cases and clearly shows that the damage created by each species is similar for a set of doses and energies. A 25 nm oxide was initially grown on <I00> oriented, n-type silicon wafers. All the wafers received a phosphorus implant at 60 keV with a dose of 1 x 10~/cm2. This set of implant conditions prevented any high concentration diffusion effects. To remove any point defects introduced by the implanted dopant and to activate the dopant, the wafers were annealed for i0 min at 900~ The walers were divided into three lots for each of the three implanted species. Each lot was then implanted at different doses and energies (Table I) with its corresponding species. In addition, undamaged substrate samples were left for annealing. These act as base lines for measuring net diffusion enhancements for the damaged samples. Each lot was then further subdivided and each dose and energy combination was annealed for two different times (15 and 30 min) and at two different temperatures (800 and 900~
The experiment is summarized in the form of a flow chart in Fig. 2 . Phosphorus profiles were then extracted from the samples using spreading resistance profiling (SRP) measurements.
Data Analysis
To compensate for minor fluetuations in the total phosphorus dose in each sample, the profiles were normalized to a base I • 10~S/em 2 dose. These profiles were then read into SUPREM-IV. The as-implanted profile was first diffused to the profiles with no damage implants (for all anneal conditions) and the diffusion time (t~) obtained for each anneal condition. For each profile, diffused in a damaged substrate (hereafter called the target profile), the net increase in profile movement (~( D . t)) was extracted by numeri-
Fig. 2. Flow chart of the first experiment.
cally diffusing the as-implanted profile to the target profile and obtaining the diffusion time (t2) as follows
SUPREM-IV was used o~ extract the diffusion enhancement. The quantity "r 9 t), thus gave the net enhancement in the profile movements for eaeh case under study. The results brought out a clear damage species and dose dependence of the diffusion of phosphorus in silicon. Figure 3 shows a representative case; the profiles move to the right as the damage dose is increased. This profile movement is graphitieally illustrated as a function of dose in Fig. 4 to 7. The increase in the profile shift as a function of increasing dose, was seen consistently in almost all cases. The quantity on the x-axis in Fig. 4-7 is the silicon equivalent damage dose, and not the actual damage dose for the case of carbon and oxygen (refer to Table I for the actual damage dose).
The results for silicon-damaged substrates concur with earlier experiments. 34 In all eases the profile shifts increase or remain the same as the dose is increased (Fig. 4) . Paekan and Plummer 4 observed a qualitatively similar behavior for boron, though the profile shifts obtained by them are quantitatively different. Results from Park and Law's experiment ~ are directly plotted in Fig. 4 . The profile shifts are in good agreement, except for the 30 rain 900~ anneal. Lower temperature anneals result in greater enhaneements in profile shifts for all three damage doses. This is again in accordance with Ref. 4 and 5. The silicon-damaged samples exhibited the greatest enhancement in the profile shifts ( Fig. 6 and 7) . Thus (in the dose range under investigation), it is evident that with increasing damage dose the concen- tration of interstitials increases. These interstitials aid in the diffusion of phosphorus which is known to diffuse mainly by an interstitial mechanism. The effectiveness of carbon (when compared to the other two species) as a diffusion-suppression agent is clearly brought out in this experiment (Fig. 7a, b) . In almost all cases, it results in shallower junctions vis-a-vis the other two damage species. As in the previous two cases, carbondamaged samples exhibited an enhancement in the phosphorus profile shifts with increasing dose. For the 30 rain anneal at 900~ the carbon-damaged samples showed that increasing the dose beyond 1 • i013/cm 2 did not increase the net profile movement. Since this behavior was not observed for short time and lower temperature anneal, it is apparent that the damage dose becomes less of a factor for higher temperature/longer anneals.
An interesting result in the oxygen-damaged samples is clearly seen on examining Fig. 5 . The profile motion is greater for a 15 min/900~ anneal than for a 30 min/900~ anneal for all three damage doses. This means that the profile has moved to the left after the initial 15 min of diffusion. The shape of the interstitial profile could be changing drastically with time in this particular case causing the interstitial concentration gradient to be larger in magnitude when looking left in Fig. 3 , as compared to when looking right. The diffusion of phosphorus not only depends on the concentration of the interstitials available, but also on the gradient of the interstitial concentration. Thus, in oxy- gen implantation a shorter anneal time did not reflect itself in a shallower junction.
Results for the oxygen-damaged samples also showed an enhancement in the net profile shifts with increasing dose in all cases (Fig. 6a, b) . Almost all oxygen data points lie between carbon and silicon data points. Thus, the effectiveness of oxygen as a diffusion-suppressing agent for phosphorus lies below carbon but above silicon. This effect is more pronounced for longer anneals at higher temperatures (Fig. 6b) where oxygen is as effective as carbon. However, at lower temperatures the net profile shifts for the oxygen-damaged samples are in close proximity to the silicon-damaged samples. This phenomenon is not clearly understood at this stage.
Discussion and Second Experiment
The behavior of the diffusing phosphorus in silicon-damaged substrates is qualitatively similar (as regards damagedose dependence) to what was observed for boron. 4 This confirms earlier work 9 that suggested that both phosphorus and boron diffuse via an interstitial mechanism.
The use of carbon in reducing dislocation loops has been investigated. 14 These studies suggested that carbon reduces the density of secondary defects, thereby suppressing boron diffusion. The results from this study suggest that carbon is more effective than oxygen and silicon as a diffusion-suppressing agent for phosphorus. That carbon consistently suppressed the dopant diffusion (when compared to the other two species) in our experiment, suggests that the behavior of the implanted carbon differs considerably from that of the implanted oxygen or silicon. This behavior is dose, temperature, and anneal-time dependent. Let us begin with the premise that after implanting the substrate with the three species, the same damage (interstitials) is generated in the silicon substrate. This assumption is based on the accuracy of the Monte Carlo simulations described earlier. Once the samples are annealed several factors come into play. The behavior of the three species is markedly different. Carbon and oxygen certainly act to suppress the diffusion of phosphorus when compared to silicon. The presence of the additional silicon atoms (among the multitude already in the lattice) does not adversely effect the properties of the substrate. However the additional carbon and oxygen atoms have a greater impact on the properties of the lattice. Since it is now generally accepted that phosphorus diffuses mainly by an interstitial mechanism, it is not unreasonable to conclude that these additional implanted carbon or oxygen atoms act as traps for the implant-generated interstitials. The similarity between carbon and oxygen ends here. It is most probable that these two elements diffuse differently and this reflects itself in the final phosphorus profiles of our experiment.
The use of carbon as a diffusion-suppressing agent from a technological viewpoint must be tested. In this context a second experiment was conducted where silicon-damaged substrates were implanted with phosphorus which was made to diffuse both in the presence and absence of a carbon coimplant. This replicates the real situation where phosphorus is made to diffuse in a damaged substrate.
As before, a 25 nm oxide was grown on <i00> oriented silicon wafers. Phosphorus was then implanted (60 keV, 1 • i013/cm2) through the screen oxide. A 15 min 900~ anneal was carried out to activate the dopant. The wafers were then divided into different lots. The first lot was left undamaged. All other lots received a silicon-damage implant (60 keV, 1 • i014/cm2). The damaged samples were then further subdivided. One lot received no carbon implant, while others were given carbon implants (45 keV, 1 • i0 I~ to i • 1014/cm2). The samples were then annealed for two different times (15 and 30 min) at two different temperatures (800 and 900~
A separate lot was used to carry out the LDD experiment. Phosphorus was implanted (45 keV, 5 • 1013/cm ~) through the 25 nm screen oxide into the undamaged substrate. This was followed by an arsenic implant (80 keV, 5 • 1015/cruZ). One sample then received no carbon implant, while two The profiles were extracted using SRP measurements and then normalized to a base dose. The normalized profiles were fed into SUPREM IV and the profile shifts extracted as described earlier in the Data Analysis section. Figure 9 shows profiles extracted from various samples after a 15 rain 800~ anneal. Figure 10 illustrates graphically the extracted profile shifts for all anneal conditions. Carbon on the whole does not suppress the diffusion of phosphorus when compared to a damaged substrate without a carbon implant. However, a strong dose dependence in the profile shifts is observed for all anneals 9 For anneals at 800~ the diffusion of the dopant was suppressed as the dose of the carbon was increased; the profile motion peaking for a i • ]0~i/em 2 carbon dose. This phenomenon is not understood at this stage, but at such low carbon doses it is probable that not enough carbon exists to make a difference in the interstitial concentration. For anneals at 900~ suppressed diffusion was observed for a few cases the numbers were within range of experimental error.
The results of the LDD experiment are illustrated in Fig. ii . The profiles for all cases lie close to each other, though diffusion with the lower carbon dose (i)< 10~3/cm z) resulted in a shallower junction depth. The numbers however are within the range of experimental error and we 
Conclusion
The effects of implant species dependent diffusion have been presented. Implantation by carbon/oxygen can reduce the net enhancement in the diffusion of phosphorus (as compared to a silicon-damaged substrate) under certain conditions. This reduction in the net enhancement was the most for carbon-damaged substrates. However, for longer and higher temperature anneals the effectiveness of oxygen is comparable to that of carbon. Silicon implantation damage almost always caused the maximum increase in the profile motion. The diffusion of phosphorus was shown to have a strong dependence on the dose of the damage species. In general there was an increase in the profile shifts as the dose of the damaged species was increased though this did not mean that doubling the dose resulted in twice the enhancement in the profile shifts. The enhancements in the net profile shifts consistently was greater at lower temperatures for a given damage dose. Finally, comparisons were made with earlier work and good agreement was obtained for overlapping data points.
Once carbon was identified as the most effective diffusion-suppressing agent, its effectiveness was tested from a technological viewpoint as part of our second experiment. It was clearly brought out that the effectiveness of carbon in suppressing the diffusion in a predamaged substrate is limited to a few isolated cases which could well be attributed to statistical variations in the experiment. However the strong carbon-dose dependence of the final dopant profile brought out some interesting points. An increase in carbon dose led to a shallower junction depth, indicating that the extra carbon could be acting as a sink for interstirials, as suggested earlier. University of Florida assisted in meeting the publication costs of this article.
